Agrobacterium tumefaciens-mediated genetic transformation involves transfer of a single-stranded T-DNA molecule (T strand) into the host cell, followed by its integration into the plant genome. The molecular mechanism of T-DNA integration, the culmination point of the entire transformation process, remains largely obscure. Here, we studied the roles of doublestranded breaks (DSBs) and double-stranded T-DNA intermediates in the integration process. We produced transgenic tobacco (Nicotiana tabacum) plants carrying an I-SceI endonuclease recognition site that, upon cleavage with I-SceI, generates DSB. Then, we retransformed these plants with two A. tumefaciens strains: one that allows transient expression of I-SceI to induce DSB and the other that carries a T-DNA with the I-SceI site and an integration selection marker. Integration of this latter T-DNA as full-length and I-SceI-digested molecules into the DSB site was analyzed in the resulting plants. Of 620 transgenic plants, 16 plants integrated T-DNA into DSB at their I-SceI sites; because DSB induces DNA repair, these results suggest that the invading T-DNA molecules target to the DNA repair sites for integration. Furthermore, of these 16 plants, seven plants incorporated T-DNA digested with I-SceI, which cleaves only double-stranded DNA. Thus, T-strand molecules can be converted into double-stranded intermediates before their integration into the DSB sites within the host cell genome.
Agrobacterium tumefaciens is the only known organism capable of inter-kingdom DNA transfer (Stachel and Zambryski, 1989) . In nature, this bacterium causes crown gall disease in many dicotyledonous plant species by transferring a specific DNA fragment, the transferred DNA (T-DNA), from its tumorinducing (Ti) plasmid into the host cell (for review, see Gelvin, 2000; Tzfira et al., 2000; Zupan et al., 2000; Gelvin, 2003) . The wild-type T-DNA carries two types of genes: oncogenes and genes for biosynthesis of amino acid derivatives, opines. Expression of the integrated T-DNA, therefore, results in uncontrolled cell division and formation of tumors (Gaudin et al., 1994; Das, 1998 ) that produce and secrete opines that are utilized by A. tumefaciens and several other microorganisms as the source of carbon and nitrogen (for review, see Savka et al., 2002) . The T-DNA itself does not encode genes required for its transfer and integration and is defined only by two 25-bp direct repeats, termed T-DNA left and right borders (Zambryski et al., 1982) . Thus, the entire wild-type T-DNA sequence between the borders can be replaced with a gene of interest that will be transferred to plants and integrated in the plant genome, representing the molecular basis for plant genetic engineering (for review, see Gelvin, 1998b Gelvin, , 2000 Gelvin, , 2003 Potrykus et al., 1998) .
Several A. tumefaciens chv (chromosomal virulence) genes and a set of vir (virulence) genes were contained on the Ti plasmid code for the protein machinery of the T-DNA transport (for review, see Sheng and Citovsky, 1996; Gelvin, 2000 Gelvin, ,2003 Tzfira and Citovsky, 2000) . The VirA/VirG two-component signal transduction system senses secretion of phenolics and specific sugar compounds from the wounded susceptible plant tissues and induces expression of other vir genes (Winans et al., 1994) . The VirD2/ VirD1 complex nicks the bottom strand of the Ti plasmid at the T-DNA borders and, with the assistance of the bacterial DNA synthesis and repair machinery, a single-stranded copy of the T-DNA, the T strand, is liberated from the Ti plasmid (Wang et al., 1987; Filichkin and Gelvin, 1993; Scheiffele et al., 1995) . VirD1 is then released, whereas VirD2 remains covalently attached to the 5Ј end of the T strand (Ward and Barnes, 1988; Young and Nester, 1988; Howard et al., 1989) . The resulting protein-DNA complex is exported to the host cell through the type IV secretion system encoded by the virD4 gene and virB operon, with 11 open reading frames (for review, see Christie, 1997; Christie and Vogel, 2000) . The VirD4/VirB channel also mediates export of VirE2 (Vergunst et al., 2000) , a single-stranded DNAbinding protein (Gietl et al., 1987; Christie et al., 1988; Citovsky et al., 1988 Citovsky et al., , 1989 Das, 1988; Sen et al., 1989) thought to associate cooperatively with the T-strand in the plant cell cytoplasm (Citovsky et al., 1992; Gelvin, 1998a) , producing T-complex (Howard et al., 1990; Zupan and Zambryski, 1997) , a semirigid, hollow, cylindrical filament composed of a T-strand molecule attached to one molecule of VirD2 and coated by multiple VirE2 monomers (Citovsky et al., 1997) . Both VirD2 and VirE2 are thought to facilitate import of the T-complex into the host cell nucleus (Howard et al., 1992; Rossi et al., 1993; Citovsky et al., 1994; Ziemienowicz et al., 2001) , after which the T-DNA is integrated into the plant genome by illegitimate recombination (Gheysen et al., 1991; Mayerhofer et al., 1991; Bundock and Hooykaas, 1996; Tinland, 1996) .
Initially, two different models have been suggested for T-DNA integration, double-stranded break (DSB) repair and single-stranded gap repair (Mayerhofer et al., 1991) . The first model predicts that unwound ends of a double-stranded T-DNA molecule anneal with single-stranded overhangs of a DSB in the plant DNA, the residual 5Ј and 3Ј overhangs are removed, and the inserted T-DNA is ligated. The second model suggests that integration initiates with a nick, which leads to a gap, in the plant DNA, both ends of a single-stranded T-DNA molecule anneal to this gap, the residual 5Ј and 3Ј overhangs are removed, and the integration is completed by repair synthesis of the second T-DNA stand (Mayerhofer et al., 1991) . Both models also suggest a role for VirD2 in recognition of nicks or gaps by interaction with plant factors (Mayerhofer et al., 1991) .
The single-stranded gap repair model was extensively revised (Tinland and Hohn, 1995; Tinland et al., 1995) to suggest that the 3Ј end of the T strand acts as a driving force in the selection of the integration site. According to this current model, the integration process is initiated by microhomologies between the 3Ј end of the T strand and the upper strand of the plant DNA. The lower plant DNA strand is then nicked, and VirD2 ligates the 5Ј end of the T strand into this nick. The 3Ј overhang of the T strand is removed, and the second strand of the integrated T-DNA is filled in by the DNA repair machinery of the host cell (Tinland and Hohn, 1995; Tinland et al., 1995) . This model is based on four lines of circumstantial evidence: T-DNA is transported into the plant cell as a single-stranded molecule (Tinland et al., 1994; Yusibov et al., 1994) , nucleotide sequence comparison between the 3Ј ends of the T-DNA and the integration sites identifies regions of microhomology (Tinland et al., 1995; Brunaud et al., 2002) , VirD2 associates with the 5Ј end of the T-DNA (Ward and Barnes, 1988; Young and Nester, 1988; Howard et al., 1989) and cleaves the T-DNA left border sequence and ligates the adjoining DNA strands in vitro (Pansegrau et al., 1993; Jasper et al., 1994) , and mutations in VirD2 result in imprecise integration of the 5Ј end of the T-DNA (Tinland et al., 1995). Conversely, this model cannot account for the formation of several complex T-DNA integration patterns (e.g. Krizkova and Hrouda, 1998; McCormac et al., 2001) , it relies on the ligase activity of VirD2 that may be dispensable for integration in vitro (Ziemienowicz et al., 2000) , and it does not explain the fast kinetics of transient T-DNA expression (Janssen and Gardner, 1990; Tinland et al., 1994; Narasimhulu et al., 1996; De Neve et al., 1997) or rapid expression of T strands corresponding to the coding strand of the T-DNA (Narasimhulu et al., 1996) , all of which imply that T strands can be converted to double-stranded molecules already early in the infection process.
Recent studies further supported the notion that the T-strand molecule becomes double stranded before its integration (De Neve et al., 1997; Salomon and Puchta, 1998; De Buck et al., 1999) . For example, because 5Ј ends of single-stranded DNA molecules cannot be ligated to each other, two T-DNA right borders integrated "head to head" suggested that the T strands may have been converted to a doublestranded form before integration; these observations, however, did not rule out the possibility of this conversion occurring during the first integration event followed by immediate integration of the second T-strand molecule (De Neve et al., 1997; De Buck et al., 1999) . A more direct indication of the involvement of double-stranded integration intermediates came from detection of T-DNA inserts within the sites of DSB repair in the host DNA that suggested ligation of double-stranded T-DNA molecules to both sides of the break (Salomon and Puchta, 1998) .
Here, we present direct evidence for the role of DSBs and double-stranded T-DNA intermediates in T-DNA integration. Specifically, we used transient expression of an intron-encoded endonuclease I-SceI (Monteilhet et al., 1990) to create DSBs in the genomes of plants transgenic for the I-SceI recognition site. Our data indicate that T-DNA is preferentially targeted and integrated into these DSB sites. Furthermore, the invading T-DNA that itself contained the I-SceI recognition site was often integrated after being digested by I-SceI, indicating its conversion to a double-stranded form before integration.
RESULTS

Experimental System
To investigate a role that DSB may play in T-DNA integration and to determine whether T-DNA integrates as a single-or double-stranded molecule, we utilized a genetic system for in vivo induction of DSBs (Salomon and Puchta, 1998) . In this approach, DSB is induced by transient expression of the I-SceI endonuclease in plants carrying a 35S-I-SceI-codA transgene composed of the 35S promoter, the I-SceI recognition site, and the cytosine deaminase gene codA (Stougaard, 1993; Salomon and Puchta, 1998) encoded by the pBNE3I binary vector (Fig. 1A) . Im-proper repair of such DSBs, which may result from deletions or insertions of endogenous DNA segments and from capture of integrating T-DNA molecules, is detected by selection for loss of function of the cytosine deaminase transgene (Salomon and Puchta, 1998) . In our experimental system, however, we did not select for the absence of the cytosine deaminase activity; instead, we selected for hygromycin resistance, which is encoded by the integrating I-SceIuidA-hpt T-DNA derived from the pBIG-HYGterGUS/I-SceI binary vector (Fig. 1B) . This approach allowed us to detect all transformation events rather than only those that occurred within the DSB sites. The initial selection was followed by screening of the resulting population of hygromycin-resistant plants for the cytosine deaminase activity to determine the frequency of specific insertions into DSB within the 35S-I-SceI-codA transgene.
To determine the structure of the integrating T-DNA molecules, we designed the T-DNA to carry an I-SceI recognition sequence between the promoterless uidA gene and the T-DNA left border (Fig. 1B) . If this T-DNA becomes double stranded to allow its cleavage with I-SceI before integration, and if the resulting fragment carrying the promoterless uidA integrates into the DSB created by I-SceI cleavage between the 35S promoter and the I-SceI site in the 35S-I-SceI-codA transgene, we expect to detect the uidA gene expression, i.e. GUS activity, in the transgenic plants. Thus, our experimental design aims to examine concurrently two important characteristics of the integration process: frequency of targeted integration into the specific DSB sites out of the total number of transformation events and frequency of formation of double-stranded T-DNA intermediates before integration.
Using this experimental design, we generated a total of 24 independent transgenic lines transformed with pBNE3I containing the 35S-I-SceI-codA T-DNA. Fifteen lines, showing a 3:1 kanamycin resistance segregation ratio, were analyzed by PCR to identify plants that do not contain tandem insertions of the 35S-I-SceI-codA transgene (Table I ). In addition, sequence analysis of the amplified PCR fragments revealed that, in all 15 lines, the sequence of the integrated 35S-I-SceI-codA transgene was identical to the original sequence of this transgene within pBNE3I (data not shown). Plants were then tested for their cytosine deaminase activity, which indicates the degree of expression of the 35S-I-SceI-codA transgene, using leaf disc regeneration assay in the presence of 5-fluorocytosine (5-FC); 5-FC is known to select against cells that express cytosine deaminase (Stougaard, 1993) . Five heterozygous lines (Sc1, Sc4, Sc33, Sc59, and Sc70) showing the highest sensitivity to 5-FC, i.e. very low or abolished ability to regenerate on a medium containing 5-FC, were selected for further studies.
Next, these 35S-I-SceI-codA transgenic plants were transformed with a mixture of A. tumefaciens strains harboring the binary vectors pCISceI, with the I-SceIORF T-DNA, and pBIG-HYG-terGUS/I-SceI, 
Approximately 672 a Primer sequences: 35S-F2, 5ЈCGTTCCAACCACGTCTTCAAAGC3Ј; codA-R, 5ЈGCCTTCAAACAG CGTGCCGG; T-DNA-RB, 5ЈCCCAGTCATAGCCGAATAGCC3Ј; T-DNA-LB, 5ЈGGCGTAATAGCGAA-GAGGCCC3Ј; GUS-R, 5ЈCCTGATTATTGACC CACACTTTGCCG3Ј.
with the I-SceI-uidA-hpt T-DNA; these vectors encode the transiently expressed I-SceI endonuclease and provide the integrating I-SceI-uidA-hpt T-DNA, respectively. A total of 620 hygromycin-resistant transgenic lines were recovered and analyzed for their sensitivity to 5-FC; the 5-FC-resistant plants were then tested for GUS activity and the nucleotide sequence of their integration junctions was determined.
Efficiency of T-DNA Integration during DSB Repair
From 620 hygromycin-resistant plants, 82 plants exhibited significant 5-FC resistance. We then PCR amplified the putative integration junctions around the DSB site in 68 of these plants and examined them for small deletions or insertions in the DSB site. To this end, the 35S-I-SceI-codA transgene was amplified using the 35S-F2 and codA-R primers (Table I ) and a short extension time (1 min). All 68 plants exhibited sequence alterations within the codA gene, indicating approximately 11% frequency of DSB induction and improper repair and demonstrating that the 5-FC resistance of these lines was not simply and solely due to silencing of this transgene. Forty-five of 620 plants (7.25%) yielded short PCR fragments that ranged from 300 to 600 bp and, thus, could not represent the true T-DNA integration (Table II) . Sequence analysis of five randomly chosen PCR fragments revealed deletions and/or insertions of short filler DNA that were most likely responsible for loss of function of the cytosine deaminase gene (data not shown).
Twenty-three of 620 plants (3.71%) did not show any visible PCR bands after short amplification, but four of them yielded longer PCR fragments, 2.2 kb, 2.8 kb, and two bands of 2.9 kb each (Table II) , when longer PCR extension time (3 min) was used. Sequence analysis of these fragments revealed the integration of the full-length or truncated I-SceIORF T-DNA into DSB sites. The remaining 19 plants were subjected to a series of PCR analyses using different primer combinations shown in Table I . Table II shows that five plants contained the full-length or truncated I-SceI-uidA-hpt T-DNA integrated in their DSBs, whereas in seven plants, the integrated I-SceIuidA-hpt T-DNA was found to have been digested by I-SceI before integration. The last seven plants did not yield discrete PCR products, potentially due to large deletions or insertions (Table II) . Thus, out of 620 transgenic lines examined in this study, we observed 16 site-specific T-DNA integration events, including those of the I-SceIORF and I-SceI-uidA-hpt transgenes, corresponding to 2.58% frequency of targeted integration. Furthermore, this is the minimal estimate of the frequency of insertions into DSB sites because it assumes that transient expression of I-SceI created DSBs in all 620 transgenic lines.
Orientation of Integrated T-DNA within DSB Sites
Determination of the nucleotide sequence of T-DNA/DSB site integration junctions allowed their classification based on the orientation of the inserted T-DNA within the DSB site (Fig. 2 ). For the junctions in which the T-DNA left border was found ligated to the left side of DSB (DSB-L/LB, Fig. 2A ) and the T-DNA right border was found ligated to the right side of DSB (RB/DSB-R, Fig. 2A ), the sequences of the DSB site and the T-DNA were presented in sense orientation in Figures 3 to 5. When the T-DNA integrated in reverse orientation, we classified the junctions as DSB-L/RB and LB/DSB-R (Fig. 2B) ; in this case, to show the sense strand of the junction, we reversed and complemented the T-DNA sequence in Figures 3 to 5. Finally, when the I-SceI-digested T-DNA integrated into DSB, recreating the I-SceI site, we classified two additional types of junctions, DSB-L/I-SceI (Fig. 2C ) and I-SceI/DSB-R (Fig. 2D) . The T-DNA sequences of these junctions were presented in Figures 3 to 5 as sense (for DSB-L/I-SceI) or reversed and complemented sequences (for I-SceI/DSB-R).
Integration of I-SceIORF T-DNA
In four plant lines, the full-length or truncated I-SceIORF T-DNA integrated into the DSB site (Table  II) . In three of these lines (Sc4-2, Sc59-5, and Sc59-9), almost the entire I-SceIORF T-DNA integrated into DSB, whereas in the fourth line (Sc70-3), a deletion of 797 bp was observed (Table III ; Fig. 3 ). Sequence analysis of the DSB-L/LB junctions revealed that small deletions of 13 to 62 bp had occurred at the T-DNA left border. These deletions in the integrated T-DNA were accompanied by deletions, insertions, or no changes in the DSB site sequence (Sc4-2, Sc59-5, Sc70-3, and Sc59-9, Table III ). The RB/DSB-R junctions were more conserved, showing no T-DNA right border alterations in three out of four cases (Sc4-2, Sc59-5, and Sc59-9) and were accompanied by small deletions or insertions in the DSB site (Table III) . In the Sc59-5 line, insertion of 4 bp led to restoration of the TTAT fragment, originally located within the cleaved I-SceI sequence of DSB (Fig. 3) . In the Sc59-9 line, insertion of TA nucleotides was found at the LB/DSB-R junction (Fig. 3) . In the Sc70-3 line, a large T-DNA right border deletion of 797 bp occurred together with a 10-bp deletion in the flanking DSB site (Table III ; Fig. 3 ). Sequence homologies between the integrated T-DNA and the DSB site-analyzed within 10 bp from the integration point-were small, ranging between 3 and 10 bp at the left border integration point to 0 and 2 bp at the right border integration point (Table III ; Fig. 3 ).
Integration of Full-Length I-SceI-uidA-hpt T-DNA
In five lines (Sc1-10, Sc33-4, Sc33-7, Sc4-6, and Sc1-5), the full-length or only slightly (Յ29 bp) truncated I-SceI-uidA-hpt T-DNA integrated into the DSB site (Table II) . Similar to integration of the I-SceIORF T-DNA, the RB/DSB-R integration junctions of the I-SceI-uidA-hpt T-DNA were conserved and exhibited no alterations in the sequence of the T-DNA right border in four lines (Sc1-10, Sc33-4, and Sc1-5) and a small 18-bp deletion in one line (Sc4-6; Table III; Fig.  4 ). These deletions coincided with 0-to 24-bp deletions in the flanking DSB sequences (Table III) . The DSB-L/LB junctions were less conserved, exhibiting deletions of 4 to 29 bp in the T-DNA left border and 1 to 3 bp in the DSB site in four lines (Sc1-10, Sc33-4, Sc4-6, and Sc1-5; Table III ). In the fifth line, Sc33-4, GT nucleotides were inserted between the T-DNA left border and the DSB site (Fig. 4) ; however, unlike an insertion in the Sc59-5 line (Fig. 3 ) that recreated part of the I-SceI recognition sequence, the junction of the Sc33-4 line did not restore this restriction site. Finally, in the Sc33-7 line, the T-DNA integrated in its entirety and without alterations, but the right and left sides of the DSB site underwent deletions of 22 and 26 bp, respectively ( Fig. 4 ; Table III) . Homologies between the integrated T-DNA and the DSB site ranged from 0 to 6 bp at the left side of DSB to 0 to 5 bp at the right side of DSB (Table III ; Fig. 4 ).
Integration of I-SceI-Digested I-SceI-uidA-hpt T-DNA
Seven transgenic lines (Sc4-5, Sc4-8, Sc1-3, Sc4-12, Sc59-2, Sc33-9, and Sc70-9) contained only a part of the I-SceI-uidA-hpt T-DNA integrated into the DSB site. In all seven lines, the integrated portion of the T-DNA lacked the sequences from the T-DNA left border to the I-SceI site, probably due to cleavage of the T-DNA itself with I-SceI (Table III; Fig. 5 ). Also, in six of these lines, a portion of the I-SceI recognition sequence in the I-SceI-uidA-hpt T-DNA was identified within the integration junction (lines Sc4-5, Sc4-8, Sc1-3, Sc59-2, Sc33-9, and Sc70-9 in Fig. 5 ), whereas in the remaining Sc4-12 line, the digested I-SceI sequence was most likely deleted (see below).
In lines Sc4-5, Sc4-8, and Sc1-3, the T-DNA was inserted in sense orientation to the I-SceI restriction site, producing the DSB-L/I-SceI type of the integration junction (see Fig. 2C ). This resulted in a precise match between the digested I-SceI sequence of DSB and the digested I-SceI sequence of the I-SceI-uidA-hpt T-DNA, recreating the intact restriction site (Fig. 5) . PCR fragments obtained from amplification of DSB-L/I-SceI junctions of all three lines were cleavable by a recombinant I-SceI enzyme (New England Biolabs, Beverly, MA) in vitro (data not shown). No homologies were observed between the I-SceI-digested end of the integrating T-DNA and the DSB site sequences in these lines (Table III) . In lines Sc59-2 and Sc33-9, in which the T-DNA also integrated in sense orientation to the I-SceI site, the integration event did not recreate the restriction site due to deletions of 1 to 2 bp and 2 to 10 bp in the T-DNA and in the DSB site, respectively (Table III ; Fig. 5) ; the amplified junction fragments from these lines failed to be digested with 
I-SceI in vitro (data not shown).
No homology between DSB and the I-SceI-digested end of the T-DNA was observed in line Sc33-9, whereas a 5-bp homology was found in line Sc59-2 (Table III; Fig. 5) .
Integration of the I-SceI-digested I-SceI-uidA-hpt T-DNA in sense orientation to the I-SceI site of DSB should place the promoterless uidA gene in the T-DNA directly downstream of the 35S promoter in the DSB site (Fig. 2C) . All five lines exhibiting such integration (Sc4-5, Sc4-8, Sc1-3, Sc59-2, and Sc33-9) expressed GUS activity in their tissues as detected by histochemical staining (data not shown). GUS expression was not detected in plants in which the full-length I-SceI-uidA-hpt integrated downstream of the 35S promoter (see above) because the distance between the T-DNA left border and the uidA gene (see Fig. 1 ) was too large to allow promoter activity.
In lines Sc70-9 and Sc4-12, the T-DNA integrated in reverse orientation to the I-SceI site of DSB, producing the I-SceI/DSB-R type of the integration junction (see Fig. 2D ). In Sc70-9, the integration junction contained only 2 bp of the I-SceI site located in the T-DNA and 3 bp of the I-SceI site derived from DSB. Sequence analysis of the integration junction from the Sc4-12 line showed a 17-bp deletion in the T-DNA, resulting in elimination of its entire I-SceI site and a 4-bp deletion in DSB. DSB and the I-SceIdigested end of the T-DNA showed no homologies to each other in line Sc70-9, whereas a 3-bp homology was found in line Sc4-12 (Table III; Fig. 5 ).
The T-DNA right border of the I-SceI-digested I-SceI-uidA-hpt, which had no I-SceI sequences (see Fig. 2 , C and D), integrated in a relatively conserved fashion in all lines, exhibiting deletions of 0 to 4 bp in the T-DNA (with the exception of line Sc33-9, which had a 52-bp deletion) and 7-to 36-bp deletions or 1-to 12-bp insertions in the DSB site (Table  III; Fig. 5 ). In Sc70-9, the 30-bp deletion in DSB was also accompanied by an insertion of a 12-bp DNA fragment that did not originate from the T-DNA sequences. Homologies between the integrated T-DNA right border and the DSB site ranged from 0 to 5 bp (Table III; Fig. 5 ).
Our sequence analysis of the RB/DSB-R integration junctions shown in Figure 5 also helped to address the likelihood of T-DNA integration in the vicinity of, rather than within, the I-SceI site followed by subsequent digestion and religation of the resulting two I-SceI sites, one within the plant DNA and the other near the T-DNA left border. In this scenario, which would give an appearance of I-SceI digestion before integration, the right border-host DNA junction is not expected to coincide with the original DSB. Our sequence data, however, did not detect such integration junctions, thus arguing against this possibility. 
DISCUSSION T-DNA Molecules Preferentially Integrate into DSBs
Our findings indicate that DSBs in the host cell genome play an important role in T-DNA integration, representing the preferred sites for integration. This idea is based on the observations that, from a total number of 620 transgenic lines analyzed in this study, 16 lines contained T-DNA within the induced DSB site, corresponding to the 2.58% frequency of site-specific T-DNA integration. In reality, this number could be even higher because a sizable proportion of the 620 transgenic plants may not have contained DSBs, for example, due to insufficient levels of transient I-SceI expression and/or activity. For comparison, the probability of random T-DNA integration into a specific single DSB within a plant genome is infinitesimally small. Based on the 4.5-Gb genome size of tobacco, the plant species used in our study, the calculated frequency of random T-DNA integration into a 18-bp-long site, corresponding to the I-SceI recognition sequence, is 4 ϫ 10 Ϫ9 . Importantly, the 2.58% frequency was observed for integration into the specific DSB within the 35S-I-SceI-codA transgene. Potentially, a much higher percentage of the 620 transgenic plants had derived from T-DNA integration into other DSBs, naturally occurring in the plant genome.
We also calculated the frequency of a DSB accepting a T-DNA insert instead of undergoing improper repair. From 63 lines identified to have a disrupted DSB, 16 lines verifiably contained T-DNA within their DSB site, corresponding to a 25% frequency. Previously, direct selection for a transgene insertion into DSBs was reported to result in 14% frequency of T-DNA integration in plants ( Salomon and Puchta, 1998) and 18% frequency of insertion of a plasmid DNA in mammals (Pipiras et al., 1998) . That x-ray irradiation, known to cause DSBs (Leskov et al., 2001) , enhances transgene integration in plants ( Kohler et al., 1989) lends additional support to the role of DSBs in T-DNA integration. We suggest that I-SceI-induced DSBs mimic the naturally occurring DSBs. Such DSBs and/or reactions of DNA repair associated with DSBs may act as molecular "baits," attracting incoming molecules of foreign DNA, which then integrate into the break using the cellular DNA repair machinery. This notion helps to explain the well-known phenomenon of integration of multiple T-DNA molecules, even those originating from different A. tumefaciens strains, into a single site in the host genome (De Block and Debrouwer, 1991; De Neve et al., 1997; Krizkova and Hrouda, 1998) .
It remains unknown how T strands are targeted to their integration sites. One obvious candidate for this "pilot" function is VirD2, which is attached to the 5Ј end of the T strand (Ward and Barnes, 1988; Young and Nester, 1988; Howard et al., 1989) and has been proposed to recognize nicks and gaps in the plant DNA (Mayerhofer et al., 1991) . This function of VirD2 in the integration process is supported by the recent observations that VirD2 interacts with the plant transcription machinery in vivo (Bako et al., 2003) . Another protein proposed to participate in targeting of the T strands to the host genome is VIP1, a plant protein that interacts with VirE2 and VirE2-single-stranded DNA complexes and facilitates nuclear import of VirE2 in the host cells (Tzfira et al., 2001) . Because VIP1 contains a basic zipper motif, a hallmark of many transcription factors (van der Krol and Chua, 1991) , it may also target VirE2 and its cognate T strand to chromosomal regions of transcrip- tional regulation, where the host DNA is more exposed and, thus, better suitable for T-DNA integration (Tzfira et al., 2001; Tzfira and Citovsky, 2002) . In fact, a recent analysis of more than 80,000 T-DNA insertion site sequences indicated that the density of T-DNA insertion events closely parallels gene density along the Arabidopsis chromosomes, further supporting the idea that T-DNA molecules are targeted to "hot spots" of transcription (Alonso et al., 2003) .
If the invading T strands are targeted to DSBs for conversion to double strands and integration, it is the frequency of DSBs in the host cell genome and the genome stability, therefore, that may represent a limiting factor for the efficiency of plant genetic transformation by A. tumefaciens. A statistical analysis of T-DNA integration sites in Arabidopsis revealed that T-DNA molecules mainly integrate in the vicinity of T-rich genomic regions (Brunaud et al., 2002) , and several reports demonstrated that, in various plant species, genomic sequences flanking T-DNA insertions are AT rich (Gheysen et al., 1987; Takano et al., 1997; Kumar and Fladung, 2001 ). Such AT-rich regions, characterized by low DNA duplex stability (Breslauer et al., 1986 ) and strong bending (Bolshoy et al., 1991; Muller et al., 1999) , are prefect candidates for naturally occurring DSBs. Also, DSBs are likely to occur during increased DNA metabolism in regenerating cells within plant wounds, contributing to the well-known susceptibility of wounded tissues to A. tumefaciens infection (Kahl, 1982) .
Microhomology between the T strand and the plant DNA plays a critical role in the single-stranded T-DNA integration model (Tinland and Hohn, 1995; Tinland et al., 1995) . However, our sequence analysis of both T-DNA right and left border integration junctions did not detect any consistent patterns of such homology; moreover, in nearly one-half of all analyzed junctions, no homology was observed at all. On 
a Classification of junction types is explained in text. b Homology was determined within 10 bp from the integration point. the other hand, previous studies indicated that even an extensive 500-bp homology between T-DNA and the host genome did not elicit homologous recombination-like events during T-DNA integration into DSBs (Puchta, 1998) . Thus, microhomology may play only a minor role, if any, during T-DNA integration into DSBs; instead, this process most likely resembles a ligation reaction between two doublestranded DNA molecules, probably by a nonhomologous end joining (NHEJ) mechanism. This notion is consistent with the recently reported involvement of the NHEJ machinery in T-DNA integration in yeast cells (van Attikum et al., 2001; van Attikum and Hooykaas, 2003) . It remains unclear, however, which components of the NHEJ machinery may be involved in the T-DNA integration in plants; for example, whereas one study suggested that the DNA ligase IV of Arabidopsis is not required for this process (van Attikum et al., 2003) , another study indicated a role for both Arabidopsis ligase IV and Ku80 in the T-DNA integration (Friesner and Britt, 2003) .
T Strands Are Converted to a Double-Stranded Form before Integration into DSB
T strands corresponding to the coding strand of a reporter gene are rapidly expressed, which requires their conversion to a double-stranded form already early in the infection process (Narasimhulu et al., 1996) . Here, we present the first direct evidence, to our knowledge, that such double-stranded forms of T-DNA, previously suggested to represent a potential dead end in the integration process (Gelvin, 1998b (Gelvin, , 2000 , are in fact the essential intermediates of T-DNA integration into DSBs. We showed that nearly one-half of all integration events within DSBs involved insertion of the I-SceI-digested T-DNA. Because this restriction endonuclease cleaves only double-stranded DNA (Monteilhet et al., 1990; Jasin, 1996) , the T strands must have become double stranded before their cleavage. Moreover, that the I-SceI-cleaved T-DNA molecules integrated precisely into the I-SceI-cleaved DSB indicates that they could not have been digested after integration because, in such a case, the I-SceI site within DSB would no longer have been present. Also, the possibility that the T-DNA first integrated in the vicinity of DSB and only later became double-stranded, digested, and religated to the I-SceI-cleaved DSB was ruled out because the sequences of the right border-host DNA junctions indicated that the integration occurred specifically within DSB itself. Thus, conversion of the T strand to a double-stranded molecule may be a prerequisite for its integration into DSBs.
Formation of double-stranded intermediates before integration may also explain the well-known conservation of the 5Ј end sequences of the integrated T-DNA and frequent deletions of its 3Ј end sequences (Matsumoto et al., 1990; Gheysen et al., 1991; Kumar and Fladung, 2002) . The second strand synthesis must begin from the 3Ј end of the T-strand template, most probably by random priming. Such priming may not occur precisely at the 3Ј end, allowing completion of the synthesis to faithfully replicate the 5Ј end of the T strand, but leaving the 3Ј end uncomplemented and, thus, susceptible to removal by exonucleases. In an alternative pathway, the 3Ј end of the T strand may be ligated to the 5Ј end of one side of DSB, but the 5Ј end of the T strand may still remain free. This partially integrated T strand may then be converted to a double-stranded form using the free 3Ј end of the same DSB side as primer. Finally, the resulting the double-stranded T-DNA molecule is digested by I-SceI and ligated to the second side of DSB.
It is important to emphasize that our data indicate the importance of conversion of T strands into double-stranded molecules before site-specific integration into DSBs. Although integration via doublestranded intermediates into DSBs most likely represents one of the major mechanisms of T-DNA integration, an alternative integration pathway via single-stranded intermediates into microhomology regions (Brunaud et al., 2002 ) is certainly possible.
MATERIALS AND METHODS
DNA Constructs
Binary vectors pBNE3I and pCISceI, carrying within their T-DNA regions the cytosine deaminase (codA) and I-SceI genes, respectively, each driven by the cauliflower mosaic virus 35S promoter, were kindly provided by Dr. Holger Puchta (Puchta, 1998). The T-DNA region of pBNE3I also contained an I-SceI recognition site between the 35S promoter and codA (Fig. 1A) and carried the kanamycin resistance gene as selectable marker in transgenic plants. The T-DNA region of pCISceI, on the other hand, contained no I-SceI sites and no plant selection marker. To construct pBIG-HYG-terGUS/I-SceI, the 35S-uidA cassette of pBIG-HYG-GUS (Tzfira et al., 1997) , was removed by EcoRI-HindIII digestion and replaced with PCR-amplified promoterless uidA-NOS-terminator fragment from pBI121 (Jefferson, 1987; Jefferson et al., 1987; Fig. 1B) . To place this fragment in sense orientation to the T-DNA left border, the orientation of the EcoRI and HindIII sites flanking the uidA-NOS-terminator cassette were reversed using the forward 5ЈCGGAATTCATTACCCTGTTATCCCTAAT-GTTACGTCCTGTAGAAACCCA3Ј and reverse 5ЈCCCAAGCTTCT-TCTAGTAACATAGATGACACC3Ј primers. In addition, a new I-SceI site was incorporated between uidA and the EcoRI site in the forward primer (Fig. 1B) . The pBIG-HYG-terGUS/I-SceI T-DNA also contained the hpt (hygromycin resistance) gene as a selectable marker in transgenic plants. All binary plasmids were introduced into Agrobacterium tumefaciens strain EHA105 using the calcium chloride transformation method (Tzfira et al., 1997) .
Transgenic Plants
Transgenic tobacco (Nicotiana tabacum cv Turk) plants carrying the I-SceI site were generated using pBNE3I and the leaf disc transformation protocol as previously described (Horsch et al., 1985) , selected on 100 g mL Ϫ1 kanamycin, and maintained in tissue culture on basal Murashige and Skoog medium (Murashige and Skoog, 1962) with no exogenous growth regulators. Plants were then transferred to soil in a greenhouse, allowed to set seed, and the transgenic progeny was selected by germinating the seeds on Murashige and Skoog agar in the presence of kanamycin. Transgenic lines showing 3:1 segregation ratio of the kanamycin resistance gene were ana-lyzed by PCR for the presence of 35S-I-SceI-codA as described below to identify plants without tandem T-DNA repeats. The resulting plant lines were propagated vegetatively to maintain their heterozygosity for the single 35S-I-SceI-codA cassette; having only one copy of this DSB site helped to reduce the complexity of subsequent integration events and facilitate interpretation of the resulting data.
To identify transgenic lines with high cytosine deaminase activity, leaf explants from the 35S-I-SceI-codA plants were placed on regeneration medium (Horsch et al., 1985) with or without 250 g mL Ϫ1 5-FC, which is toxic to cells expressing cytosine deaminase (Stougaard, 1993) . Transgenic lines with high sensitivity to 5-FC and, by implication, high levels of cytosine deaminase activity (lines Sc1, Sc4, Sc33, Sc59 and Sc70) were transformed, using the leaf disc transformation protocol (Horsch et al., 1985) , with a mixture of A. tumefaciens strains carrying the pCISceI and pBIG-HYGterGUS/I-SceI vectors. For efficient DSB induction, a ratio of 3:1 between pCISceI and pBIG-HYG-terGUS/I-SceI was used in this second transformation cycle. To select for pBIG-HYG-terGUS/I-SceI integration, transgenic plants were grown in the presence of 25 g mL Ϫ1 hygromycin. A total of 620 hygromycin-resistant transgenic plants were obtained and maintained in tissue culture on basal Murashige and Skoog medium (Murashige and Skoog, 1962) without exogenous growth regulators.
Hygromycin-resistant transgenic lines with disrupted cytosine deaminase activity were identified by culturing their leaf explants in the presence or absence of 250 g mL Ϫ1 5-FC as described above. To identify transgenic plants with targeted integration of the functional I-SceI-uidA-hpt T-DNA, leaf explants from lines resistant both to hygromycin and 5-FC were assayed for GUS activity by histochemical staining with chromogenic substrate 5-bromo-4-chloro-3-indolyl-␤-glucuronic acid as described by Jefferson (1987) .
PCR and DNA Sequence Analyses of Integration Sites
Genomic DNA was extracted from transgenic leaf tissues using the DNeasy Plant Mini DNA extraction kit (Qiagen USA, Valencia, CA) and analyzed by PCR using primer sets shown in Table I . To amplify the 35S-I-SceI-codA insertion for identification of transgenic plants from the first transformation cycle and to analyze hygromycin-resistant transgenic plants with disrupted cytosine deaminase activity from the second transformation cycle, we used the 35S-F2 and codA-R primers (Table I) ; amplification of undisrupted 35S-I-SceI-codA was predicted to produce a 509-kb DNA fragment (Table I) . To amplify the right border integration junction of pBIG-HYG-terGUS/I-SceI T-DNA in the I-SceI cleavage site, the primer T-DNA-RB located 431 bp downstream of the T-DNA right border of pBIG-HYG-terGUS/I-SceI was used in combination with either the 35S-F2 or codA-R primers specific for the 35S promoter or the codA gene, respectively (Table I) . To amplify the left border integration junction of pBIG-HYGterGUS/I-SceI T-DNA in the I-SceI cleavage site, the primer T-DNA-LB, located 568 bp upstream of the T-DNA left border of pBIG-HYG-terGUS/ I-SceI, was used in combination with either 35S-F2 or codA-R (Table I) . To amplify the integration junction of I-SceI-digested T-DNA of pBIG-HYGterGUS/I-SceI in the I-SceI cleavage site, the primer GUS-R located 310 bp upstream of the first codon of uidA in the T-DNA of pBIG-HYG-terGUS/ISceI was used in combination of either 35S-F2 or codA-R; these combinations of primers were predicted to produce 350-bp and approximately 672-bp PCR fragments, respectively (Table I) .
All PCR reactions were carried out in a 50-L volume containing 20 ng of DNA, 0.1 nm dNTP, 2.5 mm of each primer, and 2 units of TKARA EX-Taq polymerase (Pan Vera Corp., Madison, WI) with 5 L of EX-Taq 10ϫ reaction buffer. After 5 min of denaturation at 94°C, the junction fragment was amplified for 36 cycles of 60 s each at 94°C, 60 s at 55°C, and 1 or 3 min at 72°C. The resulting amplified junction fragments were either directly sequenced using the corresponding primers or first subcloned into pSL301 and then sequenced.
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